Interspecific morphometric variation was assessed in seven species of pocket gophers (Geomys). One hundred and seven characters, representing cranial and post-cranial characters were examined in 131 individuals. A basic premise of this study was that previously underrepresented appendicular, skeletal, and mandibular structures may provide informative data for species discrimination. Principal components analysis established that ca. 50% of among-group variation in males and females was attributable to size as detennined by the magnitude, sign, and distribution of character loadings on the first principal component. Sexual dimorphism in these species primarily is a function of size, and shape differences are less important in the discrimination of gender. A phenogram of all species, constructed from the Mahalanobis distances, indicated that G. texensis and G. bursarius were most similar and G. breviceps and G. personatus were distinct compared with other species of Geomys. Other taxa were not discriminated completely in multivariate space. The low level of morphological evolution does not reflect the level of genetic differentiation reported by other investigators, suggesting that many species of Geomys may represent cryptic species. ). These taxa present an interesting species complex and an intriguing opportunity for examining morphology, evolution, systematics, and genetic change. Although, 31 studies in the past 55 years have examined systematic and taxonomic issues in this group (Mauk, 1996) , a phylogenetic consensus has yet to be reached. To date, no utilitarian method for species identification has been developed that does not in-
volve the combined use of multiple data sets and geographic information.
Historically, a number of factors have played intricate roles in producing the substantial and often cumbersome taxonomy associated with these seven species of Geomys. The cryptic morphology of several members of this genus has resulted in difficulties in distinguishing among morphotypes. For example, morphological studies placed G. attwateri, G. breviceps, G. knoxjonesi, and G. texensis as subspecies of G. bursarius (Baker, 1950; Baker and Genoways, 1975; Baker and Glass, 1951) . However, data from allozymic, karyotypic, and molecular studies (Baker et aI., 1989; Block and Zimmerman, 1991; Bohlin and Zimmerman, 1982; Bradley et aI., 1991a Thcker and Schmidly, 1981) have suggested that sufficient genetic differentiation exists to support elevation of these four subspecies to specific status. Geomys bursarius major, originally considered to be a subspecies of G. lutescens (Davis, 1940) , was renamed by Villa and Hall (1947) . The remaining subspecies of G. bursarius that occur in Texas were placed in G. bursarius by Baker and Glass (1951) after originally being assigned to G. breviceps (Davis, 1938 (Davis, , 1940 Merriam, 1895) . Although G. arenarius was described as a distinct taxon (Merriam, 1895) and still is considered as such by most researchers, Hafner and Geluso (1983) presented data suggesting that it was a subspecies of G. bursarius. Only G. personatus, originally named as a species, has retained its original taxonomic designation.
Distribution of pocket gophers is influenced significantly by soil type (Davis and Schmidly, 1994; Downhower and Hall, 1966) . Most species of Geomys prefer a soil that consists of <30% clay and >40% sand (Downhower and Hall, 1966) . In addition to avoiding clay soils, they are evasive of silt learns and soils that possess a high percentage of gravel or stone (Davis and Schmidly, 1994) . Because soil types throughout Texas are extremely diverse (Department of Agriculture Communications, 1973) , this dependence or preference for specific soils often results in small and isolated populations of gophers with distributions that are allopatric or parapatric, but rarely sympatric.
Most morpological studies have applied univariate analyses to differentiate among morphotypes. Previous studies of Geomys have shown significant overlap in size among morphotypes (Baker and Genoways, 1975; Burns et aI., 1985; Davis and Schmidly, 1994) . As a result, univariate analyses have been ineffective in distinguishing among morphotypes. Most morphological studies also have focused on traditional data sets (total length, length of tail, length of hind foot, length of ear, and numerous measurements of the skull) commonly used by mammalogists prior to the deVelopment of multivariate analyses. Univariate characters often are highly correlated, resulting in questionable statistical interpretation.
Past studies have focused on determining whether the different taxonomic units within Geomys were distinct species (Block and Zimmennan, 1991; Bohlin and Zimmerman, 1982; Davis, 1938 Davis, , 1940 Honeycutt and Schmidly, 1979; Tucker and Schmidly, 1981 ). An examination of geographic variation among populations has not been stressed. In earlier studies, an emphasis was placed on pair-wise comparisons of species instead of collectively examining all species and attempting to evaluate character evolution in a multivariate context. In other words, a comprehensive study has not been undertaken that examines the extent of morphological variation within and among the species of Geomys across a· broad geographic range.
Finally, geologic history has been a major factor in understanding evolution of this genus. This is apparent in the history of the northern and southern plains, with Texas being a refugia for pocket gophers during periods of glaciation. By alternating between periods that decimated populations of pocket gophers and periods of optimal conditions that allowed expansion of ranges, climatic changes during the Pleistocene and post-Pleistocene created an important dispersal corridor through the Gulf Plains (Auffenburg and Milstead, 1965) . It is believed that most speciation of Recent taxa found within the grasslands of the Gulf Plains occurred during the repeated advancements and retreats of glaciers during the Wisconsin era (Blair, 1954) . Fossil specimens most representative of extant Geomys are recognized from the Sangamon Interglacial of Kansas, Nebraska, and Texas (RusseJl, 1968 ). If multiple glaciation events have taken place, the current distribution of Geomys may not reflect accurately historical events associated with multiple speciation events.
Our study was undertaken to identify skeletal characters that would distinguish among members of the genus Geomys without laborious allozymic, karyotypic, or other molecular data. As previously noted, most morphological studies have focused on univariate analyses of traditional measurements and did not examine multivariate variation among members of the genus. In our study, characters from six skeletal structures (femur, humerus, mandible, pelvic girdle, scapula, and skull) were used. Computer imagery and multivariate statistical methodology allowed measurements to be obtained at a higher degree of resolution and with more precision than was possible in the past. Similar methodologies and techniques successfully distinguished among cryptic morphotypes of other taxa (Byrne and Houck, 1990; Houck, 1990; Houck et al., 1990) .
Our study was unique in that it was designed to examine interspecific variation in Geomys and quantify discriminating variance in shape separate from allometric changes in fonn. Our null hypothesis was that there was no discernible morphological variation among species of Geomys. Our basic premise was that previously overlooked appendicular skeletal and mandibu-lar structures were as informative as those from traditional cranial measurements.
MATERIALS AND METHODS
Specimen and data collection.-One hundred and thirty-one individuals, representing seven species of pocket gophers, were collected from 16 naturally occurring populations ( Fig. 1 and Appendix I) in areas where populations were known to be representative of a particular taxon. Zones of potential parapatry or sympatry were avoided. Specimens were trapped with live-traps (Baker and Williams, 1972) . This sample was supplemented with wild-caught specimens deposited in the Museum of Texas Tech University, previously collected from 24 additional localities. Specimens of the genus Cratogeomys were examined for an outgroup comparison based on Russell's data (1968) suggesting that Cratogeomys is the sister taxon to Geomys. Although we included two subspecies of C. castanops (clarkii and per planus), those samples were used only to set the polarity of ingroup (Geomys) characters; any interpretations of geographic variation within Cratogeomys was considered to be beyond the scope of this study. JOURNAL OF MAMMALOGY Vol. 80, No.2 Only adult specimens were examined to avoid confounding data with ancillary growth parameters (PimemaJ. 1992) . When only adult specimens are examined. potential allometric non-linearity is minimized. Thus. an attempt was made to examine 10 adult specimens per taxon.
Standard karyotypes were prepared for each of the 131 specimens from bone marrow following methods of Lee and Elder (1980) . A minimum of three metaphase spreads was counted for diploid number and fundamental number. Those data were compared with karyotypes reported in the literature (Baker et aI., 1973; Davis et aI., 1971; Dowler, 1989; Hart, 1978; Qumsiyeh et aI., 1988; Smolen and Bickham, 1994, 1995; Thcker and Schmidly. 1981) to verify species identification. Tissue samples (heart, kidney. liver, and muscle), karyotypes. and voucher specimens were deposited in the Museum of Texas Tech University. Specific localities, sarn N pie sizes, and museum numbers are provided in the specimens examined (Appendix I).
One hundred and seven morphological char N acters from each of the 131 specimens ( Fig. 2 and Appendix U) were measured using an Olympus SZlO Research Stereo microscope. Sku)] images were magnified to 3.5 x, but all other structures (mandibular and appendicular) were viewed at 5 x magnification. Digital calibration was set to 0.8 to correct for measurement error caused by lense curvature and screen distortion. Images were digitized with Image Pro Plus 2.0 software (Media Cybernetics, 1992), and measurements of the skull, zygomatic arch, mandible. scapula, pelvic girdle, femur, and hUN merus were recorded.
Statistical analyses.-Data were analyzed uSN ing the statistical software package MatlatJ@ (The MathWorks. Natick. MA). ]n a few cases, missing data were estimated using me M]SSEM routine (Linle and Rubin, 1987) . Distance data were collected for morphological structures (skull, zygomatic arch, mandible. scapula, pelvic girdle, femur, and humerus) and were combined into a data mauix for analyses. To standardize variances, all distance measures were converted to natural logarithms (Lande, 1977; Lewontin, 1966) . Log-area measurements, for alI regions, were divided by two (0 eliminate artificial weighting.
Log-transfonned distance data were entered into a character matrix and were used to gener N ate a frequency histogram to determine distri- bution of character correlations. Characters with correlations >0.95 were considered redundant. Eleven characters were found to have correlations >0.95. Three of those were determined to be from non-contiguous structures and were retained. The remaining eight characters with high correlation values were eliminated. Characters (Williams and Genoways, 1977) , a principal components analysis (PCA) by gender was performed to establish if variation existed between males and females. A PCA by taxon was conducted using the outgroup (Cratogeomys) and repeated excluding the outgroup. Euclidean distances between centroids and an unweighted pair-group method using arithmetic averages (UPGMA) clustering algorithm were used to generate a phenogram depicting morphometric relationships among taxa.
Characters associated with variation from general size, based on character loadings, were regressed against the first component obtained from the covariance matrix (Delfinado- Baker and Houck, 1989) . A size-free discriminant function analysis based on log-transformed data was used to determine the extent of variation among predefined groups (species). An UPGMA analysis of the covariance matrix produced in the discriminant function analysis was used to obtain Mabalanobis distances. The UPGMA analysis was performed with Cratogeomys as an outgroup taxon and repeated with Cratogeomys deleted. Phenograms depicting those results were plotted.
RESULTS
Sexual dimorphism.-A principal components analysis established that ca. 50% of the variation between males and females was attributed to size as determined by the magnitude, sign, and distribution of character loadings on component 1. About 8% of variation by gender was attributable to secondary shape variation and 5% to residual shape variation. Plots (not shown) of component 2 versus component 1 and component 3 versus component 2 established that most between-group variation among males and females was attributable to size. An analysis of variance (ANOYA) by gender was significant indicating a size difference between males and females (F = 17.15; d.f = I, 130; P = 0.0001). Because the 95 % confidence ellipses overlap in the principal components plot of component 3 versus component 2, sexual dimorphism in Geomys was mainly attributable to size and not to evolutionary change in shape. Because between-group variation in relation to changes in shape was low, males and females were pooled in further analyses.
Principal components analysis.-A principal components analysis using Cratogeomys as the outgroup indicated that the first three components accounted for 50%, 8%, and 5% of the total variation. The regression of the major axis indicated that size was the major variance component. Minor residual variance was shared by all subsequent components.
Plots of the first three components and the 95% confidence ellipses (Figs. 3A, 3B , 3C, and 3D) revealed that with the exception of G. hreviceps and G. personatus, intraspecific variation was greater than that between taxa (Fig. 3A) . Lack of discrimination especially was evident for G. texensis, G. knoxjonesi, and G. attwateri, whose centroids were embedded within the convex hull of one another. The plot of component 3 versus component 2 ( Fig. 3B ) showed distinct separation between Cratogeomys from all taxa of Geomys, with G. hreviceps and G. personatus being separated from one another and from the remaining species of Geomys. The remaining species fonned a series of overlapping confidence ellipses that encompassed centroids of many species.
When the outgroup, Cratogeomys, was removed from the principal components analysis (Figs. 3C and 3D resented among-group discrimination by considering the linear combination of all character variables. The first two discriminant functions accounted for 58% and 14% of the total variation. Only G. knoxjonesi and G. bursarius were discriminated incompletely by overlapping convex hulls. However, centroids for the two species did not overlap. G. breviceps was associated most closely with G. knoxjonesi on the second discriminate function. The convex hulls of G. personatus, G. arenarius, G. texensis, and G. attwateri were discriminated completely from all others. The outgroup. Cratogeomys, exhibited the greatest amount of separation from all members of the genus Geomys.
Euclidean distances.-A phenogram constructed from the UPGMA using Euclidean distances with Cratogeomys included as an outgroup, revealed two clusters of taxa (Fig. 4A ). The first cluster associated G. bursarius with G. arenarius, and the second cluster associated G. texensis and G. knoxjonesi, with G. attwateri and G. personatus, in a step-wise fashion. Those two clusters were joined at a Euclidean distance of ca. 1.0 and were united by G. breviceps (at a distance of 1.4) and by Cratogeomys (at a distance of 1.6). When Cratogeomys was removed as the outgroup, a phenogram identical topology was produced.
Mahalanobis distances.-A size-free phenogram, using the Mahalanobis distances derived from the UPGMA of the discriminant function analysis, with Cratogeomys included as an outgroup depicted G. knoxjonesi and G. arenarius as exhibiting the least amount of discrimination. The remaining species discriminated in a stepwise fashion in the following order: G. texensis, G. bursarius, G. breviceps, G. attwateri, G. personatus, and Cratogeomys. Upon removal of the outgroup (Fig. 4B) , the species of Geomys formed two groups. The first group contained two pairs of sister taxa (G. texensis with G. bursarius, and G. knoxjonesi with G. arenarius) linked to G. attwateri before joining with the second group of G. personatus and G. breviceps. After Smolen and Bickham (1995) FIG. 4.-Phenograms of A) an unweighted, pair-group method using arithmetic averages clustering algorithm (UPGMA) based on Euclidean distances including the outgroup Cratogeomys; B) an unweighted, pair-group method using arithmetic averages clustering algorithm (UPGMA) based on Mahalanobis distances excluding the outgroup Cratogeomys; C) selected species of Geomys based on allozyme data (Block and Zimmennan, 1991) ; and D) selected species of Geomys based on chromosomal data (Smolen and Bickham, 1995) . of effects from a variety of sources. A primary factor in speciation and divergence of Geomys is the effect of serial glaciation on producing isolated populations of pocket gophers. It may have been that several corridors or multiple invasions occurred in conjunction with multiple glacial periods. Expansion and contraction of glacial periods would have resulted in the potential for several independent speciation events rather than a radiation or speciation from a single common ancestor. For example, G. personatus is thought to have evolved from G. breviceps either immediately before or during the Wisconsinian glaciation (Heaney and Timm, 1983; Penney and Zimmennan, 1976; Russell, 1968) . G. arenarius is thought to have differentiated from populations of G. bursarius during an eastward retreat of the main popUlation from the southwestern United States in response to increasingly arid conditions during the post-Wisconsin (Russell, 1968) . Deep sands located in western Texas and eastern New Mexico that are characteristic of the habitat of G. knoxjonesi resulted from paleowinds depositing a linear belt of sand out of the Pecos River Valley. That occurrence coincided with stages of glacial advance and retreat in other regions of North America (Machenberg, 1984) and presented another opportunity for migration of pocket gophers to the south and west in the United States.
More recently in geological time, fossorial habits and dependence on specific soil types have maintained geographic patterns of isolated populations that are characteristic of Geomys. Because few hybrid zones are known for Geomys and because of the general parapatric distribution, it is difficult to study direct interactions between most species. Moreover, past studies involving Geomys of the southwestern United States have not encompassed all seven currently recognized species of Geomys located within this region.
Occurrence of sexual dimorphism is well established in extant species of pocket go-phers, with males being significantly larger than females (Williams and Genoways, 1977) . However, it was not previously known if allometric differences in shape were due to gender. Principal components analysis indicated that males are on average larger than females, there is a large amount of overlap in size between the genders, and centroids of distribution due to size overlap within the 95% confidence ellipses. These factors indicate that sexual dimorphism in these species of Geomys is a function primarily of size and there has been little or no evolutionary changes in shape assignable to gender.
Variation in shape is apparent among species of Geomys. Principal components analysis indicated that morphologies of G. hreviceps and G. personatus were distinct compared with other species. Discriminant function analysis revealed apparent shape discriminations among G. personatus, G. arenarius, G. breviceps, G. texensis, and G. attwateri.
Further analyses are needed to determine which morphological characters exhibit the most defining patterns of variation. However, it may prove difficult to extract a suite, or a single character. that unambiguously distinguishes among all taxa. It is possible that morphological evolution has not kept pace with genetic evolution and these taxa represent cryptic species. Alternatively. pocket gophers may have converged on a similar morphology because of their fossorial nature.
Our study supports a close relationship between G. bursarius and G. texensis that corroborates previous morphological and chromosomal data (Baker and Genoways. 1975) , allozyme data (Block and Zimmerman. 1991 ; Fig. 4C ). and chromosomal data (Smolen and Bickham, 1995;  Fig. 4D ). Sintilarly. our data support findings from rDNA data of Davis (1986) indicating a close relationship between G. arenarius, G. bursarius, and G. knoxjonesi. However, Davis (1986) did not find support for the inclusion of G. texensis with this group of Geomys. Karyotypic data (Hart, 1978) indicated that extant species of Geomys are the product of an ancestral form that gave rise to G. breviceps and another form that was the predecessor of the G. bursarius group and G. attwateri. Hart (1978) viewed G. personatus and G. attwateri as closely related. Our results offer some support for Hart's (1978) proposed evolution of Geomys. However. a definitive placement of G. attwateri in relation to the other species of Geomys by data presented herein is ambiguous. This is seen in the UPGMA of the Mahalanobis distances that depict a close relationship between G. personatus and G. attwateri; however, upon removal of the outgroup, G. personatus forms a separate group with G. breviceps, and G. attwateri remains grouped with the other species of Geomys.
The phylogeny presented by Block and Zimmerman (1991;  Fig. 4C ) most closely resembles relationships iil our study. The phylogeny of Block and Zimmerman (1991) , based on allozyme data, proposed two major clades. The first clade consisted of G. bursarius and G. texensis forming sister taxa, which in turn share a common ancestor with G. knoxjonesi. Data from our study grouped G. arenarius with these species, but the study by Block and Zimmerman (1991) did not examine G. arenarius. However. the relationship of G. arenarius and G. bursarius depicted in our study supports the contention of Hafner and Geluso (1983) that G. arenarius is a subspecies of G. bursarius. The second clade proposed in the phylogeny by Block and Zimmerman (1991) placed G. personatus and G. breviceps as sister taxa, with G. attwateri sharing a common ancestor with them. Our study (Fig. 4B ) supports the G. personatus-G. breviceps clade but places G. attwateri as the most basal member of a clade containing the remaining members of the genus that were examined. Phylogenetic affinities of G. personatus may be affected by our choice of G. p. streckeri as a representative taxon. This subspecies has been proposed as being unique compared with other representatives of G. personatus (Davis, 1986; Smolen and Bickham, 1995) and may have provided an inaccurate depiction of the relationship of G. personatus to other species of Geomys.
Our purpose was to detennine the extent of morphometric variation among species of Geomys. Because the identity of the taxa were known, having been verified by karyotypic data, a size-free discriminant function analysis was the most powerful statistical analysis for identifying differences among or between species of Geomys. Thus, the resulting phenograms using Mahalanobis distances probably reflect a more accurate relationship among the species of Geomys than does the phenogram generated from Euclidean distances. The lack of inclusiveness of molecular and cluomosomal data further hinders our understanding of the relationships among the genus Geomys. Even this study, which is not inclusive, lacks infonnation on G. lutescens, G. tropicalis, and G. pinetis. Certainly, data from these taxa will playa critical role in detennining the relationships among and between the species in this genus. ACKNOWLEDGMENTS We would like to thank C. Jones, R. J. Baker, L. Peppers, S. Mantooth, H. Roberts, C. Edwards, I. Tiemann-Boege, and T. W. Jolley for making comments on an earlier draft of this manuscript; and S. Hrachovy-Wilkens for assisting with fieldwork and karyotyping. Special thanks to R. Strauss with regard to statistical algorithms and R. J. Baker for allowing us to perfonn karyotypes in his laboratory. The Natural Science Research Laboratory of the Museum of Texas Tech University loaned specimens necessary for this study; curatorial assistance was received from R. Monk and S. Tiranti. Financial support was provided to C. 
